In order to explore the mechanism of floor dynamic rupture, the current study adopts a thin plate model to further investigate the condition of floor failure. One of the possible explanations could be floor buckling due to high horizontal stress and dynamic disturbance ultimately leading to rapid and massive release of elastic energy thus inducing dynamic rupture. Seismic computed tomography and 3D location were employed to explore the evolution characteristics of floor stress distribution and positions of mine tremors. In the regions of floor dynamic rupture, higher P-wave velocity was recorded prior to the dynamic rupture. On the contrary, relatively lower reading was observed after the dynamic rupture thus depicting a high stress concentration condition. Meanwhile, evolution of mine tremors revealed the accumulation and subsequent release of energy during the dynamic rupture process. It was further revealed that dynamic rupture was induced due to the superposition of static and dynamic stresses: (i) the high static stress concentration due to frontal and lateral abutment stress from coal pillar and (ii) dynamic stress from the fracture and caving of coal pillar, hard roof, and key stratum. In the later part of this study, the floor dynamic rupture occurrence process would be reproduced through numerical simulations within a 0.6 sec time frame. The above-mentioned findings would be used to propose a feasible mechanism for prewarning and prevention of floor dynamic rupture using seismic computed tomography and mine tremors 3D location.
Introduction
Recently, demand for fossil fuel, especially coal, has been increasing rapidly in China and worldwide. Presently, underground mining operations have been increasing their operational depth at an annual rate of 10-20 m [1] . In deep mining, floor heave is the principal part of roadway deformation failure [2] . In recent years, several scholars have adopted various methods to study floor failure, for example, numerical simulation (UDEC), laboratory experiments, and in situ tests. For example, Jiang et al. [3] explored the floor rupture mechanism using theoretical analysis as well as a similarity simulation test. Since 2001, more and more researchers have adopted many numerical simulations to research floor rupture mechanism and its control indices and method [4] [5] [6] [7] [8] . Jeon et al. [9] studied excavation-related problems with application of small model testing. Lee and Schubert [10] investigated the roadway faces failure mechanism by conducting small scale model tests. S. B. Tang and C. A. Tang [11] adopted numerical simulations to study the impact of humid conditions on the floor rupture of roadway in the swelling ground. Zhong et al. [12] conducted various field investigations and geological surveys to analyze the floor rupture occurrence mechanism for soft-rock roadways. Evidently, the floor process mentioned in the above literatures is timeaffected, completion of which usually involves considerable time period ranging from hours to days and even months. However, its instant occurrence and resulting energy release could induce dynamic rupture.
High pressure levels trigger violent rock failure which could also be associated with strong seismic activity. In other words, a dynamic rupture might occur upon total stress attainment of a certain critical stress value (due to the static stress of roadway combined with the tremors induced dynamic stress) [13] . Unfortunately, dynamic rupture events in recent past had posed severe threats to mine workers thus adversely affecting continuous production in coal mines [1] . In recent years, many scholars have studied dynamic rupture induced by hard rock [14] , coal pillar [15, 16] , fault [17, 18] and tectonic stress [19, 20] , employing stress, strain and energy, and so forth as frequently used parameters but very few literatures had focused on floor dynamic rupture. This paper investigates mechanical mechanism of floor dynamic rupture by adopting an elastic thin plate theory. The seismic computed tomography methods and 3D location of mine tremors were used in the case study in Guojiahe Coal Mine. Numerical simulation was adopted to reproduce the floor dynamic rupture process owing to its geological setting.
A Case of Floor Dynamic Rupture

General Situation of the 1307 LCF.
The 1307 LCF is located in the first panel of the Guojiahe Coal Mine, situated in Shaanxi, Baoji, China (Figure 1 ). Its west is 1301 LCF (mined), north is 1303 and 1305 LCFs (mined), and the south is 1309 LCF (unmined). With the lengths of 1387 m and 235 m in strike and sloping, the maximum mining of the coal face has depth of 586 m. The mining seam is 3# coal with thickness of 7-17.7 m (average is 14.3 m) and average dip angle of 10 ∘ . According to geological survey, in the 1307 LCF, the immediate roof is fine sandstone (6.12 m), main roof is siltstone (6.28 m), the key stratum is medium sandstone (27. Figure 2 shows the plane sketch of the 1307 LCF whereas Figure 3 depicts the illustration of coal and rock layers. Using the laboratory burst proneness identification method, the main roof; floor; and 3# coal seam were classified as prone to weak burst.
MS Monitoring
System. The sources of in situ data were utilized to obtain the details of dynamic disturbance. The sources were monitored by Seismological Observation System (SOS). It was developed by Poland Central Mining Institute and was installed at Guojiahe Coal Mine on October 1, 2016, which mainly consists of the real-time monitoring recorder, analyzer, sensors, the digital transmission system, and so forth [21] . The frequency range of single verticalcomponent sensor is 1-600 Hz, horizontal location error is less than 20 m, vertical positioning error is less than 30 m, the sampling rate is 500 Hz, A/D converter is 16 bits, the maximum data transmission rate is 1 MB/s, and the maximum data transmission distance is 10 km. In addition, the system uses the triggering mode for recording event.
Only when more than four sensors simultaneously receive a clear waveform, the MS event can be recorded and accurately located. The following study is based on Microseismic (MS) signals monitored by SOS system mentioned above. Figure 2) , influenced by three factors of coal pillar, synclinal axial part, and the square (the 1303, 1305, and 1307 LCFs), respectively. Based on the source's vertical level, it was verified that the mine tremor was directly induced by fracturing in key stratum (area A) overlying 3# coal seam. Approximately less than 1 second later, a floor dynamic rupture of magnitude 1.76 was observed in the tailentry and local 1307 LCF, and the estimated energy was 2.55 × 10 5 J, as shown in Figure 2 . Prior to the dynamic rupture, several mine tremors occurred with the calculated energy more than 1.0 × 10 5 J also located in the coal pillar thus indicating association of dynamic rupture with fracturing of key stratum and coal pillar. After dynamic rupture occurrence, a scraper conveyor was jacked in the tailentry up to 400 mm in the 1307 LCF, and a hydraulic prop was inserted into the bottom and top coal with dynamic rupture value up to 600 mm. The shock wave also caused some machines to shut down. The three-dimensional coordinates of the sensors were shown in Table 1 .
Process and
Mechanism of Floor Dynamic Rupture
In a coal mine, presence of soft rock, coal seam, or weak interlayer leads to formation of a composite floor. Due to accumulation of elastic energy, the high horizontal stress would cause the floor to buckle thus inducing floor heave [22] . Additionally release of massive elastic energy would lead to occurrence of dynamic rupture. This study establishes a mechanical model of composite floor to study the buckling criterion. Hence, dynamic rupture mechanical mechanism was investigated based on elastic thin plate model. Figure 4 depicts sketch prior to and after dynamic rupture. From Figure 4 , assuming that the first layer (ℎ 1 ) had been fractured completely, the composite floor is a simply supported plate, with the thickness of ℎ 1 , ℎ 2 , . . . , ℎ . Figure 5 is sketch map of elastic thin plate theory with simply supported plate [23] . The thickness is ℎ; the length along the cross section of roadway is with force of ; the length along the axial of roadway is with force of ; is lateral pressure coefficient; and bending rigidity is .
Elastic Thin Plate Model.
Mechanical Mechanism.
According to elasticity, if buckling damages the thin plate, the stress differential equation could be written as follows [24] :
where is the force in -direction; is the force indirection;
is the sheer force; is deflection. The force in the thin plate could be obtained as
For the sake of simplicity, assume = 1 and the deflection of thin plate as follows [24] :
Shock and Vibration where is the maximum deformation; is the characteristic value; is the horizontal coordinate.
Combining (1), (2), and (3),
Solving (4),
According to (5) , as increases, would also increase. Assuming = 1, critical stress is obtained as follows:
where cr is the critical stress; is the bending stiffness of floor, = ℎ 3 /12(1 − 2 ); is the elasticity modulus; is Poisson's ratio; ℎ is the thickness.
Based on rock stress calculation method, the horizontal stress could be expressed as
where ℎ is the horizontal force; ℎ is the horizontal stress. Based on (6) and (7), the mechanical mechanism of heaving floor is as follows:
From (8), the factors of floor dynamic rupture are roadway width, floor thickness, modulus of elasticity, Poisson ratio, and horizontal stress. In Guojiahe Coal Mine, keeping the modulus of elasticity and Poisson ratio as constant, the risk of floor dynamic rupture is positively related to roadway width and horizontal stress, while being negatively related to the thickness. Therefore, the horizontal stress is the key factor to floor dynamic rupture.
Dynamic Rupture Induced by the Static Stress Combined
with the Dynamic Stress. According to Li et al. [13] , when total stress attains a certain critical stress level, it leads to occurrence of floor dynamic rupture:
where is the static stress in the floor which is due to high horizontal stress; is the dynamic stress induced by occurrence of tremors due to hard roof, coal pillar and fault slip, and so forth; and is the critical stress required for dynamic rupture. Hence, in the event of existence of mine tremors containing large energy, high horizontal stress could induce floor dynamic rupture.
Shock and Vibration 
Evolution Characteristics of Mine Tremors Position and Stress Distribution
As per monitoring stress in the 1307 LCF, the date of weighing of periodical roof is shown in Figure 6 . The time periods for data analysis (3D location of mine tremors and seismic computed tomography) are also shown in Figure 6 .
Mine Tremors Position: A 3D Location Approach.
Parsons [25] reported a similar structural evolution of the systems which cause earthquakes. According to some scholars [26] [27] [28] , the position of Acoustic Emission (AE) events can be calculated using the following formulas:
where is AE signal velocity (m/s), 1 is the initial propagation time of AE signal (s), 2 is the first-arrival time of AE signal at AE sensor (s), is the distance from AE source to sensor (m), is the strain of coal sample, ( 0 , 0 , 0 ) are the three-dimensional coordinates of source, and ( 1 , 1 , 1 ) are the three-dimensional coordinates of the # sensor. Commonly, is numbered sequentially from 1 to , and should be larger than 4 for positioning. The larger the number , the more accurate the position is. In order to reveal the location evolution of mine tremors prior to and after floor dynamic rupture in the 1307 LCF, the evolution of mine tremors distribution from March 23 to April 14 is illustrated (Figure 7 ). From Figure 7 it could be seen that majority of mine tremors were in regions of the coal pillar and roof, which initially indicated that the dynamic rupture might have been induced by the fracturing of coal pillar and periodical roof weighting.
As shown in Figure 7 , from March 23 to March 29, majority of mine tremors were scattered in regions B and C, which indicated that many fractures were induced by the frontal abutment stress and mining. Interestingly, region B had more mine tremors than region C, which indicated that the mined out LCF possessed the ability to induce more severe fractures. A large number of mine tremors in region A indicated that mining influence renders the multiroadway cross area unstable. Additionally, several fractures were found out in floor, coal seam, and roof, but they were very few in the key stratum. Besides, several mine tremors, induced by syncline activities; coal pillar; and the first square (1303, 1305, and 1307 LCFs), were discovered in region D. The mine tremors (red) indicated fracturing and caving of key stratum [29] [30] [31] [32] [33] .
From March 30 to April 4, more mine tremors were discovered in region A, indicating increase in fractures activity in the multiroadway cross area along with the advancement of mining face. Contrarily, the mine tremors (red) were reduced in regions B and C, which indicated accumulation of energy in coal and rock mass for the dynamic rupture, while the increase (blue and yellow) was induced by the dynamic rupture in region B [29] [30] [31] . On April 4, the weighing of periodical roof took place. Hence, dynamic loading resulting from fracturing and caving of coal pillar and roof induced dynamic rupture. The mine tremors in region D remained unchanged.
From April 5 to April 9 (after dynamic rupture occurrence), steady distribution of mine tremors was observed in region of A, B, C, and D, with nonoccurrence of large energy mine tremors thus indicating significant energy release due to dynamic rupture. The mine tremors and the aftershocks (blue and yellow) were induced by roof instability and coal mining [32] .
From April 10 to April 14, amplified mine tremor activity was recorded which indicated increasing fracture activity in regions A, B, C, and D. Compared to preceding three periods, the larger mine tremors (yellow and red) indicated increased fractures occurrence in regions A, B, and C due to being a coal pillar [31] [32] [33] .
Stress Distribution: A Seismic Computed Tomography
Approach. The stress field in coal and rock mass in coal mines could be easily obtained by using theoretical calculation and numerical simulation. However, complex geological setting and mining activities make it extremely difficult to obtain the in situ stress field in time and space. To eradicate this problem, many researchers have studied the P-wave tomography for evaluating the high stress in coal mines [34] [35] [36] .
Tomography requires dividing the body into grid cells called pixels in two-dimensional situation, or cubes called voxels in three-dimensional situation to estimate the body characteristics in all pixels or voxels. Velocity tomography depends on the relation that the wave velocity along a seismic ray is the ray path distance divided by the time to travel between the seismic source and sensor. Suppose the ray path of the th seismic wave is and the travel time is ; thus, the time is the integral of the inverse velocity (or slowness), multiplied by the distance traveled from the source to the sensor [37] : where ( , , ) is the velocity (m/s), is the ray path of the th seismic wave (m), is the travel time (s), ( , , ) is the slowness (s/m), is the distance of the th ray in the th voxel, is the total number of rays, is the number of voxels.
Generally, seismic event location and subsequent ray path are calculated using an initial velocity model. However, the velocity, distance, and time in an individual voxel are not known. Thus, arranging the slowness, distance, and time for each voxel into matrices, the velocity can be determined in matrix form as [37] 
where T is the travel time per ray matrix (1 × ), D is the distance per ray per voxel matrix ( × ), and P is the slowness per grid cell matrix (1 × ). Matrix inversion methods are effective but require considerable computational power for large datasets. Usually, the inverse problem is either underdetermined (more voxels than rays) or overdetermined (more rays than voxels). The most effective way to solve this problem is iterative process. Currently, the most referenced iterative methods are Algebraic Reconstructive Technique (ART) and Simultaneous Iterative Reconstructive Technique (SIRT) [37] .
In this paper, parameters of velocity distribution and stress concentration factor were used to explore the evolution characteristics of dynamic rupture in the 1307 LCF. The time interval was from March 23 to April 14 and the size of the model is about 1000 m (length) × 800 m (width). After 3D location, the total mine tremors were 1519. For modeling simplification, the range of relative coordinate was 6800-8300 m in direction and 1400-2600 m in direction , respectively. Meanwhile, because the 1307 LCF elevation was approx. 750 m, the elevation in direction was 600-900 m. The average velocity of P-wave was 4.35 km/s, which was measured by laboratory tests [26, 38] . The modeling in the tomography is depicted in Figure 8 .
After modeling, the data analysis ranges in directions and were 7000-8000 m and 1600-2400 m, respectively, and the section in direction was 750 m. The contour map of velocity distribution is shown in Figure 9 . As per the relationship [38] , the contour map of stress concentration factor is displayed in Figure 10 . A comparison of the two figures reveals their identicalness thus indicating that velocity could reflect stress distribution. Therefore, it is reasonable to use Figures 9 and 10 to explore the stress distribution prior to and after the dynamic rupture in the 1307 LCF.
From March 23 to March 29, high velocities in regions A 1 (5.8 km/s) and A 2 (6.0 km/s) as well as the high factors in regions A 1 (4.5) and A 2 (5.0) indicated the existence of high stress concentration in multiroadway cross area region. Similarly, high velocities in regions B (5.8 km/s) and C (5.5 km/s) and high factors in regions B (3.5) and C (3.0) indicated that high stress concentration was induced by mining face's frontal abutment stress. Comparatively, region B had a larger area and greater velocity and factor than region C, possibly induced by mined LCF (1305) coal pillar and the coal pillar (between the 1305 and 1307 LCFs) [26] .
From March 30 to April 4, both area and velocities in regions A 1 (5.9 km/s) and A 2 (6.0 km/s) as well as the factors in regions A 1 (5.0) and A 2 (5.5) increased, which indicated increasing degree of high stress concentration and reduction of distance from multiroadway cross area. Simultaneously, the area and velocity in region B (6.0 km/s) as well as the factor in region B (5.2) increased rapidly indicating that the dynamic rupture was induced by the high stress concentration (from the frontal abutment stress, mined LCF, and coal pillar). However, the overall velocity in region C remained unchanged thus indicating obstructive behavior towards the dynamic rupture.
From April 5 to April 9 (after the dynamic rupture occurred), the velocities and areas as well as factors in regions A 1 , A 2 , B, and C all decreased (the maximum velocities were up to 5.7 km/s, 5.8 km/s, 5.7 km/s, and 5.4 km/s, resp.; the maximum factors were up to 5.0, 4.5, 3.5, and 3, resp.) which indicated release of high stress concentration.
From April 10 to April 14, the velocities and factors in region A 1 , A 2 , B, and C all increased (the maximum velocities were up to be 6.0 km/s, 6.0 km/s, 5.8 km/s, and 5.5 km/s, resp.; the maximum factors were up to be 5.0, 5.0, 4.5, and 3, resp.), which indicated reoccurrence of high stress concentration because of the multiroadway cross, the frontal abutment stress, the 1305 mined LCF, and coal pillar.
From March 23 to April 14, the area of region A 1 increased and that of A 2 decreased, thus indicating transfer of high stress from region A 2 to A 1 along with advancement of mining face and the reduction of coal pillar. The location of regions B and C changed/transferred with gradual advancement of the 1307 LCF. For this reason, the stress in high level could have been caused by frontal abutment pressure from the mining activity and the coal pillar belonging to static stress in high level. In region D, the velocity (less than 4.35 km/s) and the factors (less than 1.0) remained lower, and the tip of the left was sensor #5, which indicated reduced velocity following spread of seismic wave in the 1301 mined LCF [26] . Consequently, it was revealed that floor dynamic rupture was induced due to superposition of the high static stress concentration from the frontal and lateral abutment stresses from coal pillar and the dynamic stress from the fracture and caving of coal pillar, hard roof, and key stratum.
Process Reproduction of Floor Dynamic Rupture by Numerical Simulation
According to the geological condition of the 1307 LCF in Guojiahe Coal Mine, using numerical simulation (UDEC) a model was established to reproduce the occurrence process of floor dynamic rupture ( Figure 11 ). The model size was 60 × 50 m in length and height, and the roadway was 5 × 4 m in length and height. The bolts were pushed into the roof and both sides of the roadway. In order to avoid errors and improve calculation efficiency, the code of Triangle was adopted in the range of 25 × 20 m (around the roadway) and the code of Voronoi was used in the other range. Each block is made elastic and hence is fail safe. Failure could occur only along the contacts. The simulation parameters of block and joint were shown in Tables 2 and 3 .
In the static equilibrium stage, taking into the account the simulated vertical depth (600 m) of the model, due to overburden 15 MPa vertical stress was applied on the top surface of the model and along with application of 25 MPa horizontal stress. The entire model uses fixed horizontal displacement (left and right boundaries) and vertical displacement (bottom boundary) (Figure 11 ). However, in dynamic analysis stage, free-field boundary conditions are applied, and the local damping is set as 0.1. In this study, after baseline correction of mine tremor before the dynamic rupture, the waveform is taken as the vibration source input wave to carry out the floor dynamic rupture numerical analysis, which is shown in Figure 11 (a). After occurrence of the dynamic rupture, the cohesion and tension of the floor joints were set at zero.
The simulation results are shown in Figure 12 wherein it is evident that the whole floor dynamic rupture process, induced by shock wave disturbance, clearly recurred, with the 0.6 s impact time. Prior to application of dynamic loading, no obvious failure was observed in the roadway floor ( = 0 s). Furthermore, after dynamic disturbance, it was observed that cracks initiated in the floor and converged and connected to form a weak surface with an inclined angle of 27 ∘ ( = 1.08 s).
Shock and Vibration With further shock wave disturbance, through shear or tension cracks begun to expand rapidly along the contacts around the weak surface ( = 1.2 s), which indicated triggering of dynamic rupture. Meanwhile, due to shock wave affect, the coal mass was ejected outward from the roadway floor ( = 1.32 s) and was thrown into roadway at a certain velocity. After the dynamic rupture, the failure area stopped expanding ( = 1.44 s). As the friction angle indicates, the failure in the roadway floor was not symmetrical although the symmetrical dynamic stress was generated accordingly [21] . According to the above analysis, assuming that the released energy was converted into the kinetic energy of rock blocks wholly, we put forward a method to calculate the kinetic energy as follows:
where is the kinetic energy of rock blocks in floor; is the density; is the area in -plane; V is the maximum velocity in -direction. A fish function is used to obtain and V .
In (8) , the factor of horizontal stress has an effect on floor failure. Therefore, its effect on the kinetic energy was carried out, as shown in Figure 13 . From Figure 13 , the kinetic energy increases almost exponentially with the horizontal stress increasing, which indicates the horizontal stress is the key factor to floor dynamic rupture. Figure 14 is the evolution characteristic of horizontal stress in floor rupture process. Figures (a), (b) , and (c) are in static stage; Figures (d) and (e) are in dynamic stage. In static stage, the horizontal stress in the floor reduces gradually as well as the horizontal stress in both sides. In dynamic stage, the horizontal stress in the floor reduces rapidly and even becomes tensile stress.
Conclusions
The floor heave activity within a given time frame corresponds to the dynamic rupture, which earlier had caused severe threats to mine workers and affected continuous production in coal mines. In order to explore the mechanism of floor dynamic rupture, this paper adopts a thin plate model to investigate the floor failure condition. The floor dynamic rupture risk was positively related to roadway width and horizontal stress but negatively related to the thickness. Subsequently, the high stress concentration caused the floor to buckle, and the dynamic disturbance led to the rapid release of large elastic energy, which could induce dynamic rupture. Using the parameters of P-velocity distribution and stress concentration factor, the evolution characteristics of dynamic rupture were explored in the 1307 LCF, and the regions of tailentry and local 1307 LCF experienced higher wave velocity prior to the dynamic rupture and lower wave velocity after the dynamic rupture. Meanwhile, the evolution of mine tremors revealed the accumulation and subsequent release of energy in the dynamic rupture process and the presence of mine tremors with large energy. It was found that superposition of the high static stress concentration from the frontal and lateral abutment stress from the coal pillar and the dynamic stress from the fracturing and caving of coal pillar, hard roof, and key stratum induced the floor dynamic rupture. Finally, the occurrence process of floor dynamic rupture was reproduced by numerical simulation within 0.6 s time frame setting. The findings mentioned above could be used to propose a certain reference for earlier warning and prevention of the floor dynamic rupture using seismic computed tomography and location of mine tremors.
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